The article presents changes in the course of ice phenomena on Lake Morskie Oko over 50 years. It comprises detailed data of the course of the main parameters of ice regime of the lake in the years [1963][1964][1965][1966][1967][1968][1969][1970]. Such a reference period yielded substantial differences in the obtained values of trends in comparison with the period 1971-2010, which is most common in literature. The trends obtained differed substantially from those describing the years 1971-2010, and the change in the parameters -scaled to a year of the analysed period -was about half the size. Attention was also drawn to the practical aspect of the changes in the duration and thickness of ice cover on the lake. In the years 1963-2012 the period of safe movement on the frozen lake was reduced by only 10 days.
Introduction
Climate warming is reflected in changes in hydrological phenomena. Increasing winter temperatures are modifying the winter water regimes of rivers and lakes, as was distinctly manifested in the 20 th century, but also from the mid-19 th century (e.g. Magnuson et al. 2000; Huntington et al. 2003; Marszelewski and Skowron 2006, Jiang et al. 2008; Stonevicius et al. 2008; Klavins et al. 2009; Takács et al. 2012; Vuglinsky 2018) . The ice season is becoming shorter and the maximum observed ice thickness is decreasing. Such transformations are also occurring as a result of anthropogenic factors, which include changes in water chemistry, and -in the case of rivers -their management and the influence of water reservoirs (Takács et al. 2012; Pawłowski 2015 Pawłowski , 2017 . In the northern hemisphere, and in Europe specifically, a positive trend of change in air temperature is evident. In Germany, for example, the temperature increased by 0.9°C from 1951 to 2006 (Hattermann et al. 2013) . As on the European Plain, in the Tatra Mountains temperature conditions are also changing. In the long-term period of 1951-2006, a warming was observed on the peak of Kasprowy Wierch in all seasons except for autumn. In the most recent years, shorter and milder winters have also been observed. The number of frost days has decreased (Żmudzka 2011 ) and the observed warming was only marginally smaller than on the Polish Plain.
Ice cover on mountain lakes is an indicator of the nature of climate trends in non-glaciated mountains, especially as regards its thickness and duration (Choiński et al. 2010) . Changes in the ice regime in Fig. 1 . Archival Gauging Logs containing the first regular observations of the course of ice phenomena on Lake Morskie Oko (photo by B. Pawłowski) mountains are not normally a result of anthropopressure. The course of ice phenomena on Morskie Oko has been studied and described in a number of works in recent years (e.g. Choiński 2007; Choiński et al. 2009; Choiński et al. 2010; Ptak et al. 2017) . However, apart from older works by A. Łajczak , the analysed period did not date further back than to 1971. In this article the trends are analysed and presented for the first time for a period of 50 years (from 1963) . A practical aspect of the changed duration of ice cover has also been considered (among other things), namely its impact on tourism. This work also constitutes reference material on the course of ice phenomena in the years 1963-1970.
Study area
Lake Morskie Oko, situated in the upper part of the Rybi Potok Valley, is the largest glacial lake in the Tatra Mountains (Fig. 2) , and is considered the most beautiful. An extensive monograph on the lake was published a few years ago, describing a number of problems concerning the lake and its catchment area surroundings, not only from the geographical point of view (Choiński and Pociask-Karteczka 2014) . According to the data presented in the monograph, the lake is situated 1,395 m a.s.l., its maximum depth is 51.8 m, its total area 33.4 ha, length 830 m, and width up to 500 m. The catchment area above the stream flowing out of the lake (indicated in Fig 1A) is less than 6 km 2 .
Pioneering measurements on Tatra lakes (water thermal conditions) were carried out by S. Staszic in 1804. Meteorological observations in the vicinity of the lake started in 1891 but were performed unsystematically at first.
Data and methods
This article uses data made available by the Institute of Meteorology and Water Management -National Research Institute (IMGW-PIB). The data concerning ice phenomena in 1963-1970 was sourced directly from Gauging Logs kept in the archives of the IMGW-PIB in Warsaw. According to the archived materials, regular observations of ice phenomena on the lake were commenced on 1 January 1962 (there is no earlier data available). For this reason, the first year for which the whole winter season is covered is 1963 ( Fig. 1) .
In this article the following parameters describing the ice regime were used: 1. Duration of ice phenomena (total number of days when ice phenomena occurred: border ice, ice cover, ice floe), 2. Duration of ice cover (total number of days when the lake was completely frozen), 3. Date of appearance of ice phenomena and ice cover (date of first observation of relevant phenomenon during the winter), 4. Date of disappearance of ice phenomena and ice cover (date of last observation of relevant phenomenon during the winter), 5. Thickness of ice -the maximum thickness recorded during the winter season. The analysis was partially based on averaged data for subsequent decades. The trends were determined on the basis of annual data. In the case of the 1963-1970 dataset, the number of breaks was provided between the start date of ice phenomena and the end date, as well as the total number of days without any of the phenomena between the two dates.
In winter, the surface of some frozen lakes in the Tatra Mountains provides a convenient shortcut and is used by the National Park staff, mountain rescue personnel and tourists. Frozen-over lakes are also destinations for short hiking trips, and Lake Morskie Oko is the most popular of them. For the analysis, ice is assumed to be safe to walk on when the ice cover on a lake reaches 15 cm and continues to be safe as long as that minimum thickness is maintained or up to 5 days before the break up of the ice cover.
Results
As mentioned earlier, data concerning courses of ice phenomena on Lake Morskie Oko in the years 1963-1970 has never been scrutinised before. An overview of the parameters which describe the course of ice phenomena in those years is provided below (Table 1) . In 1964 In , 1965 In and 1966 ice cover appeared twice. In the first two cases the additional appearance took place at the beginning of the ice phenomena (1 and 3 days, respectively). In 1966, ice cover occurred again after break-up in April (1 day). The course of ice phenomena in the years 1963-1970 was less intense than in the 1970s, and the duration of ice phenomena on Lake Morskie Oko during those 8 years did not demonstrate a clear downward trend. A different situation was found regarding ice cover, whose duration in 1963-1970 demonstrated a decrease of -2.2 d yr -1 (p = 0.08). Table 2 shows the mean values of analysed parameters for subsequent decades.
Of the specified decades, the years 1973-1983 turned out to be the decade of the most intensive course of ice phenomena. Both the phenomena and the ice cover began the earliest and ended the latest of all the decades, and they also lasted the longest. On the other hand, the shortest duration of the phenomena occurred in the last two decades. Surprisingly, the greatest thickness of ice cover was observed in the last decade of the period, when the maximum thickness of ice was 114 cm, as recorded in 2008. However, the parameter does not depend on the duration of ice cover (R = 0.175 in the analysed period). If winters are mild and thawing weather is frequent, ice thickness may increase as snow layers covering ice are transformed into ice. In the case of this parameter, there is no clear change correlated with the increase in winter temperatures, as is confirmed by the Figure 3 .
In the case of the start date of ice phenomena and ice cover, the distribution between extreme dates increased, which is particularly evident for ice phenomena start dates, where the range doubled (Fig. 3A) . In the case of end dates, the situation was slightly different. Both at the beginning and at the end of the analysed period the range (spread) between the dates of the earliest and latest occurrence of ice cover was similar (and was greatest in 1983-1992) , whereas in the case of ice phenomena it even decreased a little (Fig. 3B) . Similarly, multidirectional changes were observed in parameters related to the duration of the analysed phenomena. As regards ice cover, the range of extreme dates increased, but in the case of ice phenomena it decreased (Fig. 3C) . Interestingly, the greatest differences between the extreme values of all described parameters occurred -as in the case of the Lower Vistula River -at the time of the strongest transformation of ice regime: from the second half of the 1980s until the first half of the 1990s (Pawłowski 2017) .
The results of the analysis performed to identify the change in the period of safe movement on the frozen lake (as defined in Data and methods) show that in the years 1963-2012 the period was reduced by only 10 days and now averages 126 days (from 14 December to 19 April), and its end date has been brought forward by 7 days.
However, during the analysed 20 years such conditions occurred in 100% of cases only between 5 January and 9 April (Fig. 4) . Fig. 3 . The course of mean and extreme values of parameters describing the ice regime of the lake in successive decades, A -ice phenomena and cover start dates, B -ice phenomena and cover end dates, C -duration of ice phenomena and cover. Explanations: 1 -ice phenomena (average), 2 -ice cover (average), a -the earliest (shortest), b -the latest (longest)
Discussion
The observed changes in the parameters of the ice regime on Lake Morskie Oko were typical of the vast majority of rivers and lakes of the northern hemisphere at the time (Anderson et al. 1996; Kuusisto and Elo 1998; Magnuson et al. 2000; Yoo and D'Odorico 2002; Huntington et al. 2003; Marszelewski and Skowron 2006; Jiang et al. 2008; Stonevicius et al. 2008; Klavins et al. 2009; Pawłowski 2017; Vuglinsky 2018) . Regarding the start and end dates of ice phenomena and ice cover, more evident changes in the end dates (springtime) resulted from an exceptionally clear and statistically significant increase in the temperature in April and May, reaching up to 0.7°C per 10 years (Pociask-Karteczka and Choiński 2012) .
It is noteworthy that in the case of the Polish Plain lakes most changes in the ice cover parameters which occurred in the years 1960-2005 followed a similar course and the obtained values of the changes, scaled to a year, were only slightly greater than those found for Lake Morskie Oko (Marszelewski and Skowron 2006) . A clear difference concerned the thickness of ice, whose changes were up to 2.5 times less in Lake Morskie Oko. As mentioned earlier, the reasons for those differences should be traced to the course of thermal conditions of the winter and the variability of winter snowiness. In the case of the area where a snow cover occurs, midwinter warming may cause an increase in the ice table thickness. This phenomenon was also observed on the Lower Vistula in February 2010 (Pawłowski 2017) . It should be mentioned that there are high-mountain lakes in Europe in which changes in the start and end dates of ice cover and its duration are much smaller (Livingstone 1997) .
Comparing the results of the analysis performed to identify the change in the period of safe movement on the frozen lake with the trends obtained for ice cover (i.e. the reduction of its duration by 25 days and formation delayed by 11 days, Table 3), the conclusion may be drawn that at present, once ice cover develops, in the early days of its duration it increases in thickness more quickly than it did at the beginning of the analysed long-term period.
Conclusions
The presented analysis of changes in the course of ice phenomena on Lake Morskie Oko comprises the first ever 50-year period of observations. It comprises data obtained from observations carried out in 1963-1970, when ice phenomena were shorter-lasting than at the beginning of the period considered in other studies. It is noteworthy that the trends obtained differed substantially from those describing the years 1971-2010, and the change in the parameters -scaled to a year of the analysed period -was about half the size (Table 3) .
Very interesting results were obtained in the analysis of the change in the "availability" of the frozen lake to tourism and recreation. It combined the most common parameters used to describe ice phenomena and resulted in a compilation of the duration and thickness of ice cover. It was found that the period in which it was safe to move on Lake Morskie Oko decreased to a lesser degree than the duration of the ice cover. At the same time, due to a high gradient of warming in spring months (April, May) the changes observed at the end of the occurrence of ice phenomena were greater than at the beginning.
As regards the ice data on the analysed lake, sourced from the IMGW-PIB, it should be noted that there may be certain inaccuracies. The first problem is the start date of ice phenomena, which -according to the IM-GW-PIB -indicated that they began earliest on 1 November (a number of times), which coincides with the hydrological year. The author, however, more than once witnessed a thin ice layer at the shore of the analysed lake. The second reservation is related to the dates of the start and end of the phenomena. The dates provided for the most recent years indicated that observations were carried out every five days and not every day as was the case at the beginning of the analysed period. This could be a consequence of the introduction of automatic water stage and temperature recorders that did not require the presence of an operator.
